INTRODUCTION {#sec1-1}
============

Spurred by the rapid rise in the use of information and communication technology, the telemedicine revolution has significantly enhanced the potential for equitable access to the expertise of an eye-care specialist, particularly in underserviced and rural areas.[@ref1][@ref2] The American Telemedicine Association defines telemedicine as the use of medical information exchanged from one site to another via electronic communications to improve the health status of a patient.[@ref3] In keeping with this, we define teleglaucoma as the application of electronic technologies to detect and manage patients with or at risk of glaucoma. Important parameters in this type of delivery of healthcare include timeliness, quality, efficiency, and patient and provider acceptability. An ongoing concern of incorporating teleophthalmology into clinical care has been maintenance of proper standards and quality control. Thus it has become particularly important to be able to rigorously validate protocols similar to the model of diabetic retinopathy.[@ref4][@ref5]

Glaucomas represent a diverse group of diseases that have in common characteristic changes in the optic nerve neuroretinal rim tissue. An American Academy of Ophthalmology (AAO) ophthalmic technology assessment in 2007 reported that serial stereophotography of the optic nerve head is considered the reference standard of care for patients with glaucoma.[@ref6] A more recent assessment of the value of glaucoma tests emphasized that optic nerve examination as performed by a clinical exam or via stereo-disc photographs remains the foundation of glaucoma diagnosis.[@ref7] Other fundamental factors critical to diagnosis and management include integrating history, examination, as well as other structural and functional assessments. Considering that structural and functional assessment form the basis of diagnosis and monitoring progression, and that there are finite human, financial and other resources, a key question is how to optimize care for patients with glaucoma or at risk of developing glaucoma. This is an important consideration when one considers that common forms of glaucoma increase in prevalence with age and all projections indicate that the elderly population will expand considerably over the next decade. Optimal delivery of care is the impetus for teleglaucoma: providing access to those who do not currently receive it and efficiency to relieve an already burdened healthcare system in many countries with significant constraints on the supply of eye-care professionals.[@ref8]

In this article, we review the available literature on teleglaucoma, share our experience with programs in Canada and Australia, and present opportunities and challenges for this emerging and evolving field.

LITERATURE TO DATE {#sec1-2}
==================

The first studies published on teleglaucoma were in 1999. Yogesan *et al*.,[@ref9] and Li *et al*.,[@ref10] compared digital optic nerve assessments to slide film demonstrating strong and moderate agreement, respectively. Tuulonen *et al*.,[@ref11] evaluated access, efficiency and cost effectiveness for glaucoma care. They[@ref11] showed that the costs for telemedicine and conventional visits were equal; however, patients were extremely satisfied with their personal cost and time saving. However, in the study,[@ref11] image quality captured from video clips using frame grabbing technology was compromised compared with the digital imaging system at their university eye clinic. Similarly, a study by Labiris *et al*.,[@ref12] reported technical difficulties with video transmission or communication in 13/56 attempted telemedical glaucoma consultations via a mobile unit. A large study (*N* = 1729) from The Netherlands in 2004 assessed a shared care glaucoma screening model via image transmission, and reported satisfactory image quality in 89% of the cases, and a fairly good correlation between optometrists and trained in-hospital technicians in cases with suspicious findings (81%).[@ref13] This study[@ref13] was performed by scanning laser polarimetry to analyze the retinal nerve fiber layer (RNFL) and determine whether a patient had glaucoma. In 2008, Blαzquez *et al*.,[@ref14] found that patients had a very high acceptance rate for glaucoma screening via telemedicine. Blαzquez *et al*.,[@ref14] performed a large study that integrated results from Heidelberg Retinal Tomography (HRT), Frequency Doubling Technology (FDT) and intraocular pressures (IOPs) that were electronically transmitted to an ophthalmologist for interpretation. A study by Kumar *et al*.,[@ref15] found good correlation between digital cup-to-disc ratios and ophthalmoscopy for 399 eyes. The Kumar *et al*.,[@ref15] study also showed that IOP measurements did not enhance the sensitivity of a teleglaucoma screening program, which suggests IOP may be useful for telemonitoring but not telescreening.

Despite the promising results of these early studies, controversy remains regarding the sensitivity and specificity of stereoscopic digital imaging of the optic nerve head compared with the gold standard of stereoscopic slide film photography. Several studies have compared digital optic nerve images to slide film with encouraging but mixed results when compared with the gold standard \[[Table 1](#T1){ref-type="table"}\].[@ref9][@ref10][@ref16]--[@ref18] More conclusive validation studies are required, taking into consideration that correlation studies between digital images and the gold standard are dependent on the image quality obtained from the device as well as viewing techniques and resolution.

###### 

Summary of studies comparing assessment of optic nerves using digital images versus the gold standard
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TELEGLAUCOMA PROGRAMS IN CANADA AND AUSTRALIA {#sec1-3}
=============================================

We describe our experience at University of Alberta using a store and forward system as well as our experience in Western Australia using real-time videoconferencing for glaucoma diagnosis and management.

The teleglaucoma program at University of Alberta fits into a wider concept of collaborative care that integrates various eye-care professionals in order to provide streamlined, efficient management \[[Figure 1](#F1){ref-type="fig"}\]. A key feature is of this program is stratification based on known glaucoma risk factors followed by management by the appropriate provider (optometrist or ophthalmologist). The Canadian Ophthalmological Society has recognized the importance of this concept with their committee\'s guidelines on inter-professional collaboration in glaucoma.[@ref19] It proposes that the solution to glaucoma care has to be patient-centered with the objective of improving access and quality of care; consideration must be given to geographic and ethnic differences, as well as the different needs of different types of patients, and consideration must also be given to all parties involved, including the various professionals involved in ocular care, patients, government and healthcare providers.

![The teleglaucoma and collaborative care pathway from University of Alberta. Adapted from Kassam *et al*.[@ref36]](MEAJO-20-142-g002){#F1}

The principles outlined in [Table 2](#T2){ref-type="table"} form the foundation of our teleglaucoma program along with the following four pillars: human resources (including proper governance and healthcare teamwork); adequate information technology support; appropriate provision of equipment; sound protocols; and best practices for quality e-consultation, e-learning and e-research.

###### 

Principles for the teleglaucoma program at University of Alberta
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Key to teleglaucoma assessment is the information provided by a standardized ophthalmic and medical history \[[Table 3](#T3){ref-type="table"}\], slit-lamp examination, IOPs, visual fields, and standardized 30- or 45-degree fundus photographs. Grading occurs using cathode ray tube monitors, an emitter box (a device that facilitates stereoviewing), three-dimensional professional video cards and LCD shutter glasses. The digital photographs are compressed at a ratio of 16:1 and viewed at a resolution of 1024 × 1280 pixels. This viewing protocol has been validated for use in diabetic retinopathy screening.[@ref4] Once read, a PDF report is generated with management recommendations that are sent back to the referring eye-care provider and in-person follow-up is arranged as warranted.[@ref20] The report has a disclaimer that recognizes the limitations of the consult in assessing the secondary causes of glaucoma such as angle closure, pseudoexfoliation, pigment dispersion and uveitis. It also reinforces that clinical suspicion determines whether an in-person examination may be warranted. Lastly, the disclaimer describes the confidentiality of the teleglaucoma examination and reviews the research into this pilot program. This approach has been developed in order to ensure efficiency is appropriately balanced with quality.

###### 

Standardized history and testing protocol for teleglaucoma at University of Alberta. Adapted from Kassam *et al*.[@ref20]
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The Alberta program is comprised of two sub-programs: 'Remote' and 'In-house'. Both these are store and forward teleglaucoma systems. The Remote program involves both diagnosis and management of glaucoma suspects remotely, with in-person exam arranged at the location and with a provider as appropriate. It operates as a 'hub-and-spoke' framework of delivery \[[Figure 2](#F2){ref-type="fig"}\]. This involves web-based evaluation of information provided remotely by general ophthalmologists and optometrists (spokes), which is interpreted by a glaucoma specialist (at the hub) who follows up with recommendations. Fifteen optometrists and a comprehensive ophthalmologist that are properly equipped \[[Table 4](#T4){ref-type="table"}\], and whose staff has undergone training, have been recruited to the pilot program for teleconsultation. Standardized history \[[Table 3](#T3){ref-type="table"}\], slit-lamp examination, corneal pachymetry, fundus photographs, visual fields such as FDT or Humphrey Visual Fields, and any other available ancillary testing such as Optical Coherence Tomography (OCT) or HRT are uploaded to the proprietary software Secure Diagnostic Imaging server. The Secure Diagnostic Imaging software is made available to all optometrists in the pilot trial free of cost. One of four ophthalmologists, all glaucoma subspecialists, completes the consults. Interpretation requires special monitors and LCD shutter glasses for stereoscopic assessment of the nerve. The specialists review all of the information supplied within 10 days, including optic nerve assessment, and make appropriate recommendations for management of the patient. A standardized report is automatically generated and sent electronically to the referring optometrist or comprehensive ophthalmologist. Follow-up is arranged with the specialist if needed or repeat teleconsultation with the optometrist, if recommended. A copy of the report can also be mailed to the patient if they wish, with the hope of empowering the patient and improving health education. This approach is primarily intended for patients who live in underserviced areas, but could be utilized in semi-urban communities as well.[@ref20]

![The 'hub-and-spoke' framework for delivery of teleglaucoma at University of Alberta](MEAJO-20-142-g005){#F2}

###### 

Components needed for 'hub-and-spoke' delivery of teleglaucoma
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The In-house program runs at the Royal Alexandra Hospital, Edmonton, Canada (tertiary academic center), and at a private glaucoma group practice. Regular referrals that are received for glaucoma assessments are assessed for teleglaucoma suitability -- typically patients who are likely suspects or may have early stages of glaucoma -- and for those who do not fulfill any of the exclusion criteria listed in [Table 5](#T5){ref-type="table"}. If the patient is eligible, the appropriate anticipated tests and exams are ordered as per existing clinic protocols. The teleglaucoma program coordinator informs the patient and referring eye-care professional about the program, and if the patient is interested they are booked for the visit. Both the patient and referring optometrist are notified via a notification letter once the appointment is made. The visit involves a patient\'s encounter with an ophthalmic technician or nurse who performs a detailed history and slit-lamp examination, visual field testing, fundus photography and OCT \[[Figure 3](#F3){ref-type="fig"}\]. The goal of the In-house teleglaucoma program is to provide access to glaucoma assessment within 1 month (typical access time is 3--4 months) and reduce cycle time (defined as the time from registration until departure, including testing, seeing the technician and physician) to less than 90 min (currently about 120 min for in-person exams).[@ref20] Periodically, complete evaluations are performed to assess the overall program, including outcomes of consultations, efficiency and effectiveness. This includes feedback from the patient, referring and consultation provider, and recommendations for improvement. Thus far, early data show potentially improved efficiency compared with conventional visits with time and cost-benefits.[@ref21] Medicare in Alberta currently reimburses teleconsultation in both the Remote and In-house programs at approximately two-thirds of a conventional in-person fee.

###### 

Exclusion criteria for teleglaucoma at University of Alberta[@ref20]
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![The In-house teleglaucoma program patient flow at University of Alberta](MEAJO-20-142-g008){#F3}

In Australia, there has been a fee for online consultations from Medicare since July 2011; however, this covers only real-time consultations and is the main difference between the Canadian and Australian programs. The patient is required to visit a primary care provider or a medical clinic to connect to an ophthalmologist for diagnostic advice. The consultation could take place over an internet-based communication service such as Skype. The ophthalmologist receives high-resolution images and other data using a store and forward system (EHR) and then speaks to the patient and the primary care provider to provide disease management and recommendations. In Western Australia, a proprietary web-based system called Remote-I is being utilized to connect primary care providers to ophthalmologists in rural and remote locations. The system combines video conferencing and store and forward technology such that the ophthalmologists providing telemedicine consultation can meet the requirements to charge a fee for service from Medicare. Ophthalmologists are able to connect to Remote-I using a tablet device such as an iPad in order to provide glaucoma consultations remotely at their convenience. Video conferencing and the ability to view high-resolution retinal images are also possible through the system. Additionally, tools are available, which can assist in clinical decision-making such as automated estimation of cup-to-disc ratio and rim width. It can also compare images of optic nerves at different time points to alert the clinician of possible disease progression.

LEARNING AND PERSPECTIVES {#sec1-4}
=========================

To date, our program has been very well received by ophthalmologists, glaucoma specialists, optometrists, ophthalmic nurses and technicians in Northern Alberta. The program can be run with focus on glaucoma or potentially as part of a broader teleophthalmology approach to detection of other eye disorders (e.g., with diabetic retinopathy, macular degeneration).[@ref22] One of the key success factors for both programs is reimbursement for service as this is an important component of physician adoption. However, in Australia the store and forward technology is not included in this Medicare item. The ophthalmologist must speak to the patient who is with a primary care provider and then review images and other data using EHR, which places constraints on refining and improving the processes. Both the Australian and Canadian programs leverage existing teleophthalmology platforms and serve as two examples of how teleglaucoma can be delivered, but many other possibilities exist. Replication of these or similar models in other settings is highly dependent on the environment of the healthcare system in which the program is being initiated.

Any telemedicine approach comes with medico-legal risks and must be closely considered when implementing a teleglaucoma program. Fortunately, the Canadian Medical Protective Association has guidelines on collaborative care and e-health. Furthermore, guidance is offered by the American Telemedicine Association for telehealth practice related to diabetic retinopathy and the Digital Imaging and Communications in Medicine (DICOM) Standard.[@ref23]--[@ref25] Important considerations include that each party involved in a shared care model must have adequate medico-legal coverage, there must be timely and clear communication between providers, well-developed standards for care, and confidentiality of patient information and backup of data. These guidelines are crucial to the development and progression of teleglaucoma programs. Our programs are developed within the context of the larger evidence-based Canadian Glaucoma Guidelines and AAO Preferred Practice Patterns for Glaucoma.[@ref26][@ref27]

There are a number of limitations to teleglaucoma. First, telemedicine strategies may put the patient--physician relationship at risk. This must be carefully considered and ultimately communication and empathy will shift heavily onto front-line staff collecting diagnostic information (technicians, photographers, nurses, optometrists, etc). Additionally, reporting information back to the patient in a timely manner, and continuously assessing and responding to patient feedback will be important. Hence, staff will require ongoing training in these areas. Second, as with any consultation in medicine, there are sensitive issues surrounding patient ownership and scope of practice, thus a collaborative stakeholder approach is important. A third limitation of teleglaucoma is gonioscopic assessment to obtain information about the angle. In some cases, referring ophthalmologists and optometrists provide gonioscopy information. In our In-house program, we employed anterior segment imaging with OCT or Pentacam, which can assist in determining iris configuration and whether the angle is open. However, both these modalities do not provide direct information about the angle structures (such as presence of angle pigment or neovascularization) and they do not replace compression gonioscopy. Finally, the software and user interface design is a critical component of the efficiency of completing teleconsultation. Consultation time could be reduced significantly by using drop-down menus and multiple screens to display all investigations concurrently.

FUTURE DIRECTIONS {#sec1-5}
=================

As more centers begin to utilize telemedicine approaches for glaucoma diagnosis and management, a comprehensive set of standards and best practices should be created similar to those created by the American Telemedicine Association for diabetic retinopathy. There are still several questions that need to be addressed prior to determining the exact utility of teleglaucoma. For example, what is the optimal image compression ratio for the optic nerve? Can stereo-imaging be performed without stereo-glasses? How much value does stereoscopic imaging add to the diagnosis? Can our models be replicated and validated in other healthcare settings? Could teleglaucoma be used to diagnose and manage acute presentations? To date, existing data suggest that IOP plays little role in glaucoma screening, but its role in telemonitoring remains to be determined. A collaborative research group for projects related to teleglaucoma would be a worthwhile initiative to share knowledge, skills, approaches and design research to improve teleglaucoma delivery and determine best practices.

As with many areas of telemedicine, teleglaucoma can eventually evolve to be most useful in serving the poorest populations in the developing world. Sub-Saharan Africa and South Asia, among other regions, have a significant burden of glaucoma. Additionally, access to care is challenging as much of the population resides in rural areas and there can be geographic barriers to reaching subspecialists. Similar to our model, spoke stations strategically positioned in remote areas could be created, with images and diagnostic information being digitally transferred to the urban centers with follow-up and intervention as needed. Crucial to this is strong institutional capacity and local empowerment, as well as training subspecialty experts for these developing regions.[@ref28]

Teleglaucoma also carries with it the potential for e-learning and e-research by utilizing the large volume of captured disc images. These images could be used to teach fellows, residents and medical students, and may provide important epidemiological information to better understand the disease process in rural areas worldwide. In the developing world particularly, acceptability is dependent on the ability to use teleglaucoma in low-resource settings. This in turn requires equipment innovation that is low-cost and has multiple functions (e.g., one device to take pictures of the anterior segment, including the angle, as well as the fundus). Along similar lines, advances are needed in diagnostic equipment use, automated analysis,[@ref29] and determining how progression of the optic nerve will be displayed and identified. Standardized grading such as rim-to-disc ratios or a disc damage likelihood scale may prove to be increasingly powerful tools in monitoring progression.[@ref30] Many novel research applications may develop with teleglaucoma, including support for conducting multicenter trials.[@ref31]

The increased prevalence of mobile phones and the internet worldwide is being used in innovative ways to improve patient health.[@ref32] There are many ways this can be integrated into glaucoma care such as special applications or text reminders for patients to take glaucoma medications and online visual field testing.[@ref33] Although we should be mindful of ensuring high standards and quality, this should be balanced with the significant potential for patient empowerment using these technologies. This was highlighted by a recent case in which a glaucoma patients who lived a 5-h drive from the academic center e-mailed one of us (LRP) a picture of his eye (with an infected bleb) from his cellular device \[[Figure 4](#F4){ref-type="fig"}\] asking if it was a cause for concern.

![Picture taken with a cellular device by a patient e-mailed to his physician](MEAJO-20-142-g009){#F4}

Another crucial area for further research is health economics, cost effectiveness and comparative effectiveness when delivering this type of care. A systematic review of economic evaluations in telemedicine highlighted the diversity in economic evaluations and methodology, making these types of analyses challenging.[@ref34] In ophthalmology specifically, it does appear that the telemedicine approach in vitreoretinal diseases is cost-effective.[@ref35] Intimately linked to cost effectiveness and the potential success of teleglaucoma is determination of reimbursement models for providers when utilizing the service. In countries such as the United States, Canada and Australia, public healthcare programs are willing to reimburse for teleglaucoma and teleretinal screening programs given the potential cost savings, although this can vary by state/provincial governments and have strict requirements (e.g., live conferencing). In resource-poor settings, it will be more challenging to involve the government and implementation will greatly depend on innovative business models for paying patients as well as cheaper IT startup equipment.

CONCLUSION {#sec1-6}
==========

We believe teleglaucoma could transform how glaucoma is diagnosed and managed both in the developing and developed world. The literature to date has demonstrated some successes but highlights that delivery of quality teleglaucoma care is deeply intertwined with the quality of available technology and systems. Our experiences in Canada and Australia are part of a collaborative approach to care. These programs have shown great promise in optimizing processes to provide comprehensive teleglaucoma service; however, technical and psychosocial limitations remain. Furthermore, general acceptability by patients and providers is dependent on the healthcare system and the population being serviced, and it may not work well in all settings. Significant research is warranted to validate teleglaucoma assessments compared with the gold standard. Additionally, evaluation of cost efficiency compared with traditional models of healthcare delivery is required. We encourage other studies that explore this emerging area that has the potential to improve patient access and increase efficiency for glaucoma-related care.
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